This paper explores the effects of trade policy under induced innovation in general equilibrium. The analysis considers the effects of discrete changes in tariffs and import quotas, allowing for heterogeneous technologies among firms. The interactions between induced innovation and the effects of trade policy give a set of "LeChatelier effects" comparing short run versus long run market equilibrium. We investigate how induced innovation can reduce the adverse effects of tariffs on trade, and influence the effects of quotas on corresponding quota rents. The analysis presents new LeChatelier results that apply globally, i.e. under any discrete change in trade policy.
Introduction
Globalization has stimulated much research on the effects of trade policy (including tariffs and quotas) on resource allocation and welfare. The relationships between trade and technology have also been the subject of much interest (e.g., [1] ). Yet, technology can evolve in response to changes in market conditions. Hicks [2] proposed the idea of induced innovation, where changes in relative prices stimulate the adoption of technologies that increase (decrease) the use of inputs that are becoming cheaper (more expensive). And applied to the output side, induced innovation means that price changes induce the adoption of technologies that increase (decrease) the production of commodities exhibiting higher (lower) prices. This has stimulated much research on how technology can adapt to changing resource scarcity (e.g., [3] [4] [5] ). When market prices influence technology, trade policy would also affect technology choices. Indeed, import tariffs and quotas on specific commodities increase their prices in domestic markets. And they influence the prices of all goods through market equilibrium effects. This suggests that induced innovation would stimulate the adoption of technologies in response to the changes in all prices affected by trade policy.
The interactions between technology choice and trade policy (and its effects on market prices) is relevant when the process of technology adoption is slow. This can happen when new technology is embodied in physical or human capital, as firms that just invested in capital do not have incentives to adopt an improved technology until their capital depreciates. Or this can happen when the adoption of a new technology involves learning cost. Firms facing lower learning cost are likely to be "early adopters" of a new technology, while other firms would be classified as "late adopters". Technology adoption being slow, this motivates a need to distinguish between short run and long run situations. This distinction is at the heart of "LeChatelier effects" investigated in this paper.
The LeChatelier principle reflects the basic intuition that restricting choices can lower the ability to make economic adjustments. It was first introduced in economics by Samuelson ([6, 7] ), who proved that such results hold "locally", i.e. for small changes in the neighborhood of a point. Local LeChatelier effects have been examined in the context of trade by Neary [8] and Kreickemeier [9] . It is well known that local LeChatelier results do not necessarily hold globally, i.e. when facing discrete changes in economic conditions ( [7, 10, 11] ). It is also known that local LeChatelier results can hold globally under some restrictive assumptions. This raises the following questions. Is it possible to obtain general implications of the LeChatelier principle without imposing restrictive assumptions? And what are these implications in the context of trade policy? Our analysis answers these two questions in a positive way. This paper investigates LeChatelier effects under induced innovation in the context of trade policy changes in general equilibrium. Our LeChatelier results apply globally to any discrete change in trade policy (including both tariffs and quotas). This is important for two reasons. First, actual policy changes typically take the form of large changes in policy instruments. Second, our "global LeChatelier results" are obtained without imposing restrictive assumptions (e.g., without assuming supermodularity). While we show how "local results" hold as a special case, obtaining global LeChatelier results is a key contribution of our analysis.
Capturing the economy-wide effects of trade policy under induced innovation requires a general equilibrium model. Following Dixit and Norman [12] and Luenberger [13] , we rely on a dual general equilibrium model of trade. The presence of early adopters and late adopters requires considering that technology can vary among firms (e.g., exporting firms versus domestic firms). Our analysis allows for firm entry/exit and its general equilibrium effects. The model also considers an arbitrary number of commodities. This allows for differentiated products. In this context, the paper studies the effects of discrete changes in both tariffs and quotas. This is relevant as trade policy reform often means partial market liberalization that involves the joint effects of tariff and quotas. Considering discrete changes in trade policy expands on previous analyses of market liberalization that focused on small changes in policy instruments (e.g., [14] [15] [16] ).
Our analysis studies market equilibrium under price and quantity distortions. This provides a basis for evaluating the efficiency gains/losses from any discrete change in trade policy. The analysis presents conditions under which a discrete policy change improves aggregate efficiency. It examines the interactions between induced innovation and the effects of trade policy. These interactions generate a set of "LeChatelier effects" comparing short run versus long run market equilibrium.
Three important results are obtained. First, we show that induced innovation tends to reduce the aggregate welfare loss generated by distortionary trade policy. It means that previous research that ignored induced innovation has overstated the adverse effects of trade policies. This result holds under very general conditions. To the extent that trade policy is motivated by rent seeking behavior (which redistributes welfare toward the "rent seekers"), this also means that induced innovation can tamper the efficiency losses from rent seeking behavior. Second, we examine how induced innovation can reduce the adverse effects of tariffs on trade, providing information on how technology choices can moderate the negative impact of restrictive trade policy on trade. Third, we study how induced innovation can influence the effects of quotas on corresponding quota rents. The analysis also examines the presence of interaction effects between quotas and tariffs. Importantly, our "global LeChatelier results" hold without imposing restrictive assumptions and apply globally, i.e. for any discrete change in trade policy.
The paper is organized as follows. Section 2 starts with a discussion of induced innovation at the firm level. Section 3 presents a dual general equilibrium model of an economy under trade policy distortions, including both tariffs and quotas. The model provides a basis for analyzing the efficiency gains/losses generated by a discrete change in trade policy. Section 4 introduces the role of induced innovation. It presents global LeChatelier results showing how induced innovation interacts with the effects of both tariff and quota policies. Section 5 discusses the economic implications for economics and welfare. While local LeChatelier results apply as a special case, our global analysis provides new insights in the economic analysis of trade policy. Finally, section 6 concludes.
Preliminary: Induced Innovations at the Firm Level
Consider an economy involving a set K = {1, …, K} of goods produced by a set M = {1, …, M} of firms. Using the netput notation, the j-th firm produces y j = (y 1j , …, y Kj )  Y j   K , where y kj is the k-th output (k-th input if negative) of the j-th firm, and Y j is the feasible set representing the technology available to the j-th firm, j  M. Assume that all firms are price takers and that the set Y j is bounded and convex, j  M. Denote by p = (p 1 , …, p K )   the vector of prices for the K commodities. Then, the profit maximizing decisions of the j-th firm facing prices p are given by
where  j (p, Y j ) is the indirect profit function, and y j * (p, Y j ) is the corresponding profit maximizing decision, j  M.
As discussed in the introduction, following Hicks [2] , induced innovation reflects that relative prices can help guide the innovation process (e.g., [3] [4] [5] ). Induced innovation stimulates the adoption of technologies that increase (decrease) the use of inputs that are becoming cheaper (more expensive). And applied to the output side, induced innovation suggests that price changes stimulate the adoption of technologies that increase (decrease) the production of commodities exhibiting higher (lower) prices. To see that, consider the case where the j-th firm has the option to choose between T technologies: Y j 1 , …, Y j T . Denote the set of technology indexes by I = {1, …, T}. Then, from (1) and for given prices p, the incremental profit obtained by j-th firm switching from technology T j i to T j i' is:
Technology adoption is typically slow. As discussed in the introduction, this can happen for at least two reasons: when technology is embodied in physical or human capital that depreciates slowly; and when learning about a new technology is costly. To capture the dynamics of technology adoption, for the j-th firm, denote the cost of switching from technology i to i' after t periods by C j (i, i', t)  0. For the j-th profit maximizing firm, the decision to switch technology from i to i' after t periods would depend on the present value of incremental profit  jii' minus switching cost C j (i, i', t). We make the following assumption:
Assumption As1: For any i, i'  I, lim t→ C j (i, i', t) = 0.
Assumption As1 states that, over time, the cost of switching between any two technologies declines toward zero. Assume for the moment that p is constant. In the short run, technology adoption decisions can be complex. The firm would decide to switch from i to i' when the incremental profit  jii' is large enough to dominate the switching cost C j (i, i', t). But a positive incremental profit is not sufficient: the presence of large switching cost could induce the firm to stay with technology i even if  jii' > 0.
Under Assumption As1, technology adoption decisions are simpler in the long run (when t → ). Under As1 and profit maximization, the long run technology decision made by the j-th firm is as follows:
This shows that, in the long run, technology choice Y j * (p) in general depends of prices p. This is consistent with the induced innovation hypothesis. Now, consider a change in prices from p to p'  . It follows that, for the j-th firm in the long run, the profit maximizing technology would change from Y j * (p) to Y j * (p'). This illustrates that induced innovation involves the interactions between technology choice and market prices. These interactions become relevant when the process of technology adoption is slow. This suggests the need to distinguish between short run and long run situations. We define the short run (S) as a situation where a firm does not have enough time to change their previous technology. And under As1, we define the long run (L) as corresponding to situations where a firm has had enough time to adopt profitable technologies. Implications of this distinction for economic analysis of trade policy are investigated in sections 4 and 5 below. Second, our analysis allows for technology to vary across firms as well as over time. The heterogeneity of technology across firms is captured by defining a feasible set that is firm-specific (Y j for the j-th firm). This can reflect the role of agroclimatic and location-specific effects. And the technological options available in the process of induced innovation are also firm-specific ((Y j   1 , …, Y j T ) for the j-th firm. This can capture heterogeneity in human capital across firms. Note that the role of entry-exit and heterogeneous technology has been identified in the literature (e.g., [17] ). The above discussion indicates that our analysis does capture such effects.
So far, our discussion has been at the firm level. This provides a building block for the rest of the paper. But it suffers from a significant drawback: it does not explain what causes price changes. To resolve this issue, we need to present the analysis at the aggregate level, where prices are the outcome of market equilibrium. As discussed in the introduction, our focus is on the analysis of trade policy. It means that we need to evaluate the evolution of prices as the outcome of trade policy reforms. This is the topic of the next sections.
Trade under Policy Distortions
As discussed in Section 2, the economy involves a set K = {1, …, K} of goods produced by a set M = {1, …, M} of firms. The j-th firm produces netputs y j = (y 1j , …, y Kj ) 
where Equation (3) is the commodity balance equation stating that aggregate consumption cannot exceed the aggregate supply of each good. Throughout the paper, we assume that the set Y is closed, bounded and convex, 2 and that the set { jM Y j +  iN w i }   has a non-empty interior. And we assume that the utility function u i (x i ) is continuous, nonsatiated and quasi-concave on  , i  N.
Under prices p   , let production decisions be made by profit maximizing firms according to Equation (1) . And let
be the expenditure function for the i-th household, where
To analyze trade policy, consider that the economy includes two regions, A and B. Region A has a trade policy involving a mix of tariffs and quotas on imported goods. Let with t = (t 1 , …, t K ) be the tariffs on imported goods, where t k is the import tariff (or export subsidy if t k < 0) on the k-th product. And let q = (q 1 , …, q K )   K  denote the import quotas, where q k the import quota on the k-th product. While we allow for both tariffs and quotas, our analysis considers situations where each type of policy instrument applies to different goods. It means that import tariffs may be imposed on some goods while import quotas are imposed on other goods. In this context, t k = 0 when the k-th good is not subject to a tariff (or tax), while q k =  when the k-th good is not subject to an import quota, k  K. Let N = (N A , N B ) and M = (M A , M B ) where N r is the set of households in region r, and M r is the set of firms in region r, r = A, B. The tariffs t apply to net imports into region A: m A   iNA x i - iNA w i - jMA y j . Similarly, the quotas q impose the following trade restricttion:
We want to analyze the implications of trade policy represented by the policy instruments (t, q). Let  = ( 1 , …,  K )   denote the quota rents associated with the quota restrictions (5). 4 Below, following Dixit and Norman [12] and Luenberger [13] , we present a dual general equilibrium model of trade and use it to examine the effects of trade policy (t, q) on prices p, on the quota rents , on trade, and on welfare. As investigated in previous literature (e.g., [8, [18] [19] [20] [21] [22] ), the dual approach to trade policy analysis relies on the profit function  j (p, Y j ) in Equation (1) and the expenditure function e i (p, U i ) in Equation (4).
be some reference bundle satisfying g  0. Under the price normalization rule p T g = 1, consider the following minimization problem
:
K  which has solution p * (U, t, q, Y) and
where m A * (U, t, q, Y) is the aggregate demand for net imports into region A defined as
It is clear that V(U, t, q, Y) in Equation (6) and W(U, t, q, Y) in Equation (7) involve monetary measures. The function W(U, t, q, Y) in Equation (7) will play a key role in our analysis. As discussed below, it is a welfare indicator that will provide a basis to evaluate the economic and welfare effects of trade policy. As a starting point, two key results are stated next (see the proof in the Appendix).
Lemma 1: Let U  {U': W(U', t, q, Y) = 0}. Then, under trade policy (t, ), 1) p * (U, t, q, Y) and  * (U, t, q, Y) in Equation (6) are market equilibrium prices and quota rents, respectively;
2) W(U, t, q, Y) in Equation (7) is a monetary measure of aggregate benefit, W(U, t, q, Y) being non-increasing in U.
Lemma 1 includes as a special case competitive markets in the absence of trade policy (when t = 0 and q = , i.e. when there is no tariff and quotas are non-binding). Then, W(U, 0, , Y) is Allais' distributable surplus under perfect competition ( [23, 24] ). W(U, 0, , Y) being non-increasing in U reflects that reaching higher utilities is typically possible only with a redistribution of the aggregate surplus W, i.e. a reduction in W. When t = 0 and q = , and following Luenberger ( [13, 25] ), Equation (6) defines a "minimal allocation"; and Equation (6) along with U  {U': W(U', 0, , Y) = 0} define a "zerominimal allocation", i.e. a minimal allocation where all surplus has been redistributed to consumers. Zero-minimality, competitive equilibrium and Pareto efficiency are closely related concepts (e.g., [13, 25] ). It means that p * (U, 0, , Y) are the competitive prices supporting a Pareto efficient allocation. In addition, the set {U': W(U', 0, , Y) = 0} defines the Pareto utility frontier, i.e. the set of consumer utilities that can be reached under efficient allocations.
Thus, Equations (6) and (7) along with U  {U': W(U', t, q, Y) = 0} provide a generalized representation of a zero-minimal allocation under trade policy (t, q). First, Equation (6) can be interpreted as a "distorted minimal allocation" under policy (t, q), with p * (U, t, q, Y) and  * (U, t, q, Y) as the corresponding market equilibrium prices and quota rents, respectively. Second, W(U, t, q, Y) in (7) is a measure of aggregate benefit obtained under policy (t, ). Note that the term [t T m A * (U, t, q, Y)] in Equation (7) represents the aggregate revenue generated by the tariffs t. It means that V(U, t, q, Y) in Equation (6) can be interpreted as a measure of aggregate benefit before tariff revenues are redistributed, and that W(U, t, q, Y) in Equation (7) is a measure of aggregate benefit after tariff revenues are redistributed. Third, after choosing U to satisfy W(U, t, q, Y) = 0, Equations (6) and (7) characterize a "distorted zerominimal allocation" under policy (t, q). They also represent a "distorted market equilibrium" under policy (t, q). The introduction of trade policy in Equation (6) has two important effects. First, while p denotes prices in region B, producers and consumers in region A now face prices (p +  + t). When positive, this means that both import tariffs t and quota rents  contribute to increasing prices in region A, with ( + t) denoting price wedges between the two regions. Note that the import tariffs t have direct effects on agents in region A: they affect aggregate profit  jMA  j (p +  + t, Y j ) as well as aggregate expenditure  iNA e i (p +  + t, U i ) in region A. When applied to net imports into region A, m A , the import tariffs t generate tariff revenue [t T m A ]. As noted above, this tariff revenue gets redistributed to consumers, as captured by the subtraction of [t T m A ] in the evaluation of aggregate benefit W(U, t, q, Y) in Equation (7). In general, tariffs affect efficiency (as discussed below) as well as the distribution of welfare (depending on how tariff revenues are redistributed). Second, the term  T q in Equation (6) measures the aggregate quota rent generating income that is eventually captured by some agents. This quota rent affects both efficiency (as discussed below) and the distribution of welfare (depending on who captures it).
We know that {U': W(U', 0, , Y) = 0} defines the Pareto utility frontier in the absence of trade policy. In an economy distorted by trade policy, choosing U to satisfy W(U, t, q, Y) = 0 means that {U': W(U', t, q, Y) = 0} identifies the utility frontier under policy (t, q). In other words, {U': W(U', t, q, Y) = 0} is the set of consumer utilities that can be reached under distortionary trade policy. Thus, given U  {U': W(U', t, q, Y) = 0}, the distorted zero-minimal allocation defined in Equations (6) Interpreting W(U, t, q, Y) in Equation (7) as a measure of aggregate benefit under policy instruments (t, q), we will make use of W(U, t, q, Y) to evaluate the aggregate welfare effects of trade policy. This includes the efficiency effects of quotas q (and associated quotas rents ) and tariffs t (and associated tariff revenue). With {U: W(U, t, q, Y) = 0} representing the utility frontier under trade policy (t, q), the shift in the utility frontier associated with a policy change from (t, q) to (t', q') can be measured by the associated change in aggregate benefit: W  W(U, t' q', Y) -W(U, t, q, Y), a money-metric measure of aggregate welfare impact. For a given U, finding W < 0 means an inward shift in the utility frontier, identifying a Pareto inferior move. And finding W > 0 means an outward shift in the utility frontier, identifying a potential Pareto improving move. Two particular choices of U are typically considered in welfare analysis. First, choosing U to satisfy W(U, t, q, Y) = 0 implies that W  W(U, t' q', Y), corresponding to a "compensating variation" measure. Second, choosing U to satisfy W(U, t', q', Y) = 0 implies that W  -W(U, t, q, Y), corresponding to an "equivalent variation" measure. We proceed with our analysis below assuming that U follows one of these two choices. 5 On that basis, our analysis of the aggregate efficiency of trade policy reform will rely on [W(U, t' q', Y) -W(U, t, q, Y)].
What about distribution effects? W(U, t, q, Y) provides a measure of aggregate benefit, i.e. it is the sum of individual benefit across all households. Evaluating how individual welfare gets distributed is more challenging for three reasons. First, it involves the distribution of profit  j among households. Any change in profit distribution affects the distribution of welfare among households. Second, the way tariff revenue is distributed matters. The redistribution of tariff revenue t T m A is captured in Equation (7) . How this redistribution takes place affects the distribution of welfare among households. Third, who captures the quota rents  * matters. This depends on how trade policy is implemented. For example, under "voluntary export restraints", the quota rents get captured by exporters. Alternatively, when import quotas are auctioned among exporters, the importing country typically captures the quota rents. This illustrates how the distribution of quota rents can affect the distribution of welfare among households. Since it allows for an arbitrary number of firms and households, our analysis of aggregate efficiency remains valid under alternative distribution schemes. Each distribution scheme simply involves choosing a different point U on the utility frontier {U': W(U', t, q, Y) = 0}. In this context, it should be understood that the choice of U depends on the distribution rules used in economic and trade policy. The analysis of efficiency presented in this paper is conditional on U. When using a compensating variation measure, this means that U satisfying W(U, t, q, Y) = 0 reflects the distribution rules under trade policy (t, q). Alternatively, when using an equivalent variation measure, it means that U satisfying W(U, t', q', Y) = 0 reflects the distribution rules under trade policy (t', q') .
Next, we analyze the general welfare effects of a change in trade policy from (t, q) to (t', q'). Our analysis will rely on the following result. (See the proof in the Appendix).
Proposition 1: For any (t, q) and (t', q'), 
Proposition 1 provides a general characterization of the aggregate effects of trade policy. First, note that choosing q' =  implies that the quota constraint (5) is non-binding and that the associated quota rent is zero:  * (U, t', , Y) = 0 for any t'. Then, choosing t' = 0 and q' = , and for any trade policy (t, q), the first inequality in equation (8) gives: W(U, 0, , Y)  W(U, t, q, Y). Associating (t', q') = (0, ) with competitive markets in the absence of trade policy, this gives the well-known result that aggregate welfare is maximized in the absence of policy distortions, and that perfectly competitive markets are Pareto efficient. In this context, any trade policy (t, q) where t ≠ 0 and the quotas q are binding is in general inefficient and tends to lower aggregate benefit, with [W(U, 0, , Y) -W(U, t, q, Y)]  0 providing a measure of the aggregate welfare loss associated with an inwardshift in the utility frontier.
Second, for any (t, q) and (t', q'), Equation (8) implies
When quotas do not change (q' = q), Equation (9) 
becomes [t' -t]
T [m A * (U, t', q, Y) -m A * (U, t, q, Y)]  0. This is the well-known result that any ceteris paribus increase in import tariffs (t' > t) tends to reduce imports m A * . Similarly, if tariffs do not change (t' = t), Equation
Again, this is the well-known result that any ceteris paribus increase in import quotas (q' > q) tends to decrease the quota rents  * . Note that these results are global as they apply for any discrete change in trade policy.
Third, Equation (8) presents bounds on the change in aggregate benefit when trade policy changes from (t, q) and (t', q'). From the lower bound in equation (8), it follows that a sufficient condition for [W (U, t', q' 
Thus, Equation (10a) is a sufficient condition for trade policy reform from (t, q) and (t', q') to improve efficiency (by increasing aggregate benefit and thus shifting up the utility frontier). It applies under general conditions involving discrete changes in both tariffs and quotas. This includes as special cases some well-known results. For example, in situations where there is a move to eliminating all tariffs (with t' = 0), then given  *  0, Equation (10a) implies that any scenario where quotas are relaxed (q' > q) is efficiency improving. Alternatively, when quotas do not change (q' = q), then using Equation (9), Equation (10a) always holds under any proportional reduction in tariffs (e.g., [14] ). This wellknown result (that a proportional decline in all tariffs tends to be efficiency improving) has guided trade policy reform supported by WTO over the last decade.
Similarly, from the upper bound in Equation (8) , it follows that a necessary condition for [W(U, t', q', Y) -
It means that Equation (10b) is a necessary condition for trade policy reform from (t, q) and (t', q') to improve efficiency (by increasing aggregate benefit and shifting up the utility frontier). Alternatively, finding any situation where Equation (10b) does not hold implies an aggregate welfare loss. Then, the policy reform from (t, q) and (t', q') cannot be a Pareto improvement. This would identify rent-seeking behavior. Indeed, such policy reform can be a rational move only if it implies a redistribution of welfare toward the "rent seekers" who benefit at the expense of others (as efficiency and aggregate benefit decline and the utility frontier shifts down).
Trade Policy Analysis under Induced Innovation
So far, we have explored scenarios of trade policy reform represented by a change in policy instruments from (t, q) to (t', q'). We now consider the case where such policy changes are associated with technological innovation. Induced innovation was discussed in Section 2 at the firm level. We showed in Equation (2) how prices affect firm technology choices in long run equilibrium. The analysis is now extended to the aggregate level in the context of trade policy. We know that the direct effect of import tariffs and quotas on specific commodities is to increase their corresponding prices in domestic markets. But they also influence the prices of all goods through market equilibrium effects. This applies in particular to substitute goods. Market equilibrium prices of substitute goods tend to move together. This means that, when the direct effect of an economic policy is to increase the price of some goods, induced innovation would help stimulate the adoption of technologies supporting the production of substitute goods. Such general equilibrium effects are analyzed below.
From Equations (1) and (6), firms behave so as to maximize profit, conditional on prices (p +  + t) for firms in M A , and prices p for firms in M B . From Lemma 1 and Equations (A2)-(A3) in the Appendix, this is fully consistent with the maximization of (distorted) aggregate benefit. And from Equation (2) Under trade policy reform, this identifies two possible technology choices: Y * (U, t, q) under policy instruments (t, q), and Y * (U, t', q') under policy instruments (t', q'). As discussed in Section 2, this allows heterogeneous technologies across firms. Perhaps more importantly, under induced innovation, this allows for entry/exit and for technology adoption decisions to vary among firms (e.g., between "domestic firms" in M A and "exporting firms" in M B ).
Consider the case of a policy reform associated with a change from (t, q) to (t', q'), with (t, q)  (t', q'). We focus our attention on situations where induced innovation plays a role, i.e. where Y * (U, t, q)  Y * (U, t', q'). First, consider the situation before the policy change. It corresponds to policy instruments (t, q). Assuming that this trade policy has been in place for an extended period of time, the associated technology choice is Y * (U, t, q) . Second, consider a policy change from (t, q) to (t', q'). 
Second, consider the long run scenario (L) and the associated welfare changes due to a policy change from (t, q) to (t', q'). Denote the optimal technology chosen under policy (t', q') by Y L  Y * ( U, t', q'). In the long run, the welfare effects of trade policy reform can be measured as
which allows a switch from technology Y S to Y L as trade policy changes from (t, q) to (t', q'). This raises the question: how does ∆W L differ from ∆W S ? Our analysis presented below answers this question. In the process, we will gain new and useful information on how induced innovation and trade policy interact with each other. 
. (13) Equation (13) shows that the general implications of induced innovation for market equilibrium prices, quantities, and welfare. Importantly, these results hold globally under any discrete changes in trade policy. Equation (13) gives LeChatelier results related to the effects of trade policy under induced innovation. These results appear to be new. They apply globally for any discrete change from (t, q) to (t', q'). The economic and welfare implications of Equation (13) are further discussed below.
While LeChatelier effects have been examined before in the context of trade (e.g., [8, 9] ), they were developed for "small changes" in trade policy under differentiability assumptions. This suggests the existence of a local version of Proposition 2. Such local results are presented next. (See the proof in the Appendix). Proposition 3 (Local LeChatelier results): Assume that W (U, t, q, Y) is differentiable in (t, q) , that  * (U, t, q, Y) is a continuous function of (t, q), and that m A * (U, t, q, Y) is continuously differentiable in (t, q) . Then, considering a small change in trade policy (dt, dq) in the neighborhood of (t, q),
where dm A * (U, t, q, Y) = [m A * (U, t, q, Y)/t] dt + [m A * (U, t, q, Y)/q] dq. Proposition 3 is a local version of the LeChatelier results presented in Proposition 2. Indeed, expression (14) is a special case of (13) obtained under differentiability assumptions and considering only a small change in trade policy (dt, dq) in the neighborhood of (t, q). Comparing equations (13) and (14), it is clear that the global results stated in Equation (13) are more general: they apply for any discrete policy change from (t, q) to (t', q'), and without imposing restrictive assumptions (e.g., they apply without assuming supermodularity or differentiability). Implications of these results are discussed next.
Implications
Propositions 2 and 3 give information on the welfare difference from a trade policy change between the short run (S) and the long run (L):
From Equations (13) and (14), this difference has a general lower bound of 0. It implies that the aggregate welfare effect of a policy change is always at least as large in the long run as in the short run. This is a general and intuitive result: induced innovation tends to generate long run benefits that are at least as large as the associated short run benefits. In the context of trade policy changes, this means that the efficiency effects of trade policy changes become more positive (or less negative) due to induced innovation. Importantly, this result holds under very general conditions.
The global LeChatelier results given in Equation (13) provide useful information on the welfare and economic impact of trade policy. From Equation (13) , the welfare change [∆W L -∆W S ] has a general upper bound equal to:
This upper bound provides a measure of the largest possible welfare gain generated by induced innovation. As discussed below, this upper bound also provides useful information on the interaction effects between induced innovation and trade policy reform.
First, consider the case where only tariffs change. Then, when quota policy does not change (q' = q) and tariff policy changes from t to t', Equation (13) gives the following important result:
. (15) To interpret Equation (15), consider the case of an increase in tariff, with t' > t  0. From Equation (9), we know that, ceteris paribus, any tariff increase tends to have negative effects on trade m A * . In this context, Equation (15) implies that a weighted sum (with tariffs as weights) of the trade reduction due to higher tariffs tends to smaller in the long run compared to the short run. This global LeChatelier effect indicates how tariff reform can affect trade under induced innovation. To illustrate, letting t'  t + t and noting that m A * (U, t, q,
, Equation (15) implies that:
where the last inequality follows from Equation (9) . Equation ( When there is only a change in tariffs (with dq = 0), and under differentiability assumptions, Equation (14) becomes
(17) Equation (17) is a local version of Equation (15) . It has the following implications. Note that, under differentiability, Equation (9) . This is a standard local LeChatelier result: allowing for adjustments in technology tends to reduce the adverse effects of tariffs on trade. This is the result obtained by Neary [8] and Kreickemeier [9] . However, it holds only locally, i.e. only for small changes in tariffs. To see that this LeChatelier result does not hold globally, it suffices to note that {t (17) is the local version of the expression on the left-hand side of (16). But as discussed above, the left-hand side of Equation (16) can be either positive or negative. This illustrates the well-known fact that local LeChatelier results do not necessarily apply globally ( [7, 10, 11] ).
Second, consider the case where only quotas change. Then, when tariff policy does not change (t' = t) and quota policy changes from q to q', equation (13) gives the following important result:
. (18) Equation (18) shows the complexity of the general LeChatelier effects associated with a discrete change in quotas under induced innovation. The right-hand side of Equation (18) While Equation (18) generates general implications of quota reform comparing the short run and the long run, it does not give sharp predictions on how induced innovation can affect quota rents. Yet, Equation (18) The analysis simplifies significantly in the absence of tariffs (when t = 0). Then, the global LeChatelier results in equation (18) reduce to: What about considering small changes in quota policy, dq? Then, in the absence of tariff changes (with dt = 0) and under differentiability assumptions, Equation (14) becomes
(19) Equation (19) is a local version of Equation (18) . Like (18) , Equation (19) shows that local LeChatelier results associated with quota changes involve interaction effects between quota policy and tariff policy. Again, when t  0, Equation (19) does not give precise information on the effects of changing quotas on quota rents under induced innovation. Yet, in the simpler case where there is no tariff (with t = 0), Equation (19) 
Equation (19' ) is a local version of (18'). It implies
e. that any rise in quotas q tends to increase the difference between the long run quota rents  * (U, t, q, Y L ) and the short run quota rents  Equation (9) that any rise in quotas tends to reduce quota rents. This gives the following local LeChatelier result: when t = 0 and for small changes in quotas, induced innovation tends to reduce the corresponding quota rents. But while intuitive, this local result does not hold globally. Indeed, comparing Equations (18') and (19'), this result does not necessarily hold for arbitrary changes in quotas. Again, this illustrates that local LeChatelier results do not necessarily apply globally.
While local LeChatelier results given in Equations (17) and (19') are not new (e.g., [8, 9] ), our investigation has been innovative in three directions. First, we considered the case of discrete changes in trade policy. This is relevant as actual policy reforms typically involve large changes in policy instruments. Second, we have analyzed the joint effects of tariffs and quotas. Third, we have shown that global LeChatelier results involve an upper bound measure of welfare change. This is given in Equation (15) for tariff changes and Equation (18) for quota changes. But the general result is the one stated in Proposition 2. Indeed, Equation (13) presents the general implications of trade policy reform under induced innovation, providing useful information on both welfare effects and economic adjustments in trade and quota rents.
Concluding Remarks
This paper has explored the effects of discrete change in trade policy (including both tariffs and quotas) under induced innovation in general equilibrium. It examined the general case where technology and adoption decisions can vary across firms (e.g., domestic versus exporting firms). The interactions between induced innovation and the effects of trade policy give a set of "LeChatelier effects" comparing short run versus long run market equilibrium. In contrast with previous research, the analysis applies globally to arbitrary changes in trade policy and without imposing a priori restrictions (such as supermodularity).
We show that induced innovation tends to reduce the welfare loss generated by distortionary trade policy. It means that ignoring induced innovation would overstate the adverse effects of trade policies. When trade policy is motivated by rent seeking behavior, it also means that induced innovation can tamper the associated inefficiency losses. We examine how induced innovation can influence the adverse effects of tariffs and quotas on trade. We document how tariffs and quotas can interact with each other. Our analysis presents the general implications of trade policy reform under induced innovation, providing useful information on both welfare effects and economic adjustments in trade and quota rents.
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I would like to thank Ian Coxhead for useful feedback on an earlier draft of this paper. and y  Y. And (A3) satisfies profit maximization in (1) and expenditure minimization in (4) . In addition, it follows from Equations (A3) and (7) that W(U, t, q, Y) measures the largest feasible aggregate benefit  iN b i (x i , U i ) under policy instruments (t, q). And b i (x i , U i ) being non-increasing in U i , Equations (A3) and (7) 
where m A '   iNA x i ' - iNA w i - jMA y j '. Using Equation ( This gives the second inequality in (8) . The first inequality is obtained by switching (t, q) and (t', q') in Equation (A7) and multiplying by (-1).
Proof (U, t', q'). Subtracting (A9) from (A10) gives the first inequality in (13) .
To prove the second inequality in (13) , note that Equa- Adding these two expressions gives the desired result. Proof of Proposition 3: Under differentiability, the inequality in (14) follows directly from the first inequality in (13) when t'  t and q'  q. To prove the equality in (14) , let Dm t (U, t, q, Y) and Dm q (U, t, q, Y) denote the derivative of m A
